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Abstract: Evidence of inbreeding depression is commonly detected from the fitness traits of animals, yet its effects on population growth rates of endangered species are rarely assessed. We examined whether inbreeding depression was affecting Sierra Nevada bighorn sheep ( Ovis canadensis sierrae), a subspecies listed as endangered under the U.S. Endangered Species Act. Our objectives were to characterize genetic variation in this subspecies; test whether inbreeding depression affects bighorn sheep vital rates (adult survival and female fecundity); evaluate whether inbreeding depression may limit subspecies recovery; and examine the potential for genetic management to increase population growth rates. Genetic variation in 4 populations of Sierra Nevada bighorn sheep was among the lowest reported for any wild bighorn sheep population, and our results suggest that inbreeding depression has reduced adult female fecundity. Despite this population sizes and growth rates predicted from matrix-based projection models demonstrated that inbreeding depression would not substantially inhibit the recovery of Sierra Nevada bighorn sheep populations in the next approximately 8 bighorn sheep generations (48 years). Furthermore, simulations of genetic rescue within the subspecies did not suggest that such activities would appreciably increase population sizes or growth rates during the period we modeled (10 bighorn sheep generations, 60 years). Only simulations that augmented the Mono Basin population with genetic variation from other subspecies, which is not currently a management option, predicted significant increases in population size. Although we recommend that recovery activities should minimize future losses of genetic variation, genetic effects within these endangered populations-either negative (inbreeding depression) or positive (within subspecies genetic rescue)-appear unlikely to dramatically compromise or stimulate short-term conservation efforts. The distinction between detecting the effects of inbreeding depression on a component vital rate (e.g., fecundity) and the effects of inbreeding depression on population growth underscores the importance of quantifying inbreeding costs relative to population dynamics to effectively manage endangered populations.
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Introduction
Small populations are susceptible to inbreeding depression because mating between related animals can reduce individual and population fitness (Keller & Waller 2002) . The consequences of inbreeding depression are hard to predict because populations are affected differently, depending on demographic history, genetic diversity of the founders, occurrence of purging of deleterious alleles, severity of environmental conditions, and chance (Lacy et al. 1996; Lacy & Ballou 1998; Bijlsma et al. 2000) . Nevertheless, inbreeding depression can decrease the growth rates of populations and thus, reduce evolutionary potential and increase probability of extinction (Newman & Pilson 1997; Saccheri et al. 1998; Hogg et al. 2006) . As a result, genetic factors are often a major consideration in the conservation and recovery of threatened and endangered taxa.
Evidence of inbreeding depression in wild populations is commonly determined on the basis of heterozygosity-fitness correlations (Da Silva et al. 2006; Ortego et al. 2007; Mainguy et al. 2009 ). Whereas the effects of these correlations on population viability are often emphasized, they are rarely quantitatively assessed (Keller & Waller 2002) . A major limitation in linking findings from studies of inbreeding depression directly to population growth is the use of indirect fitness correlates, such as morphometric (e.g., body size) or physiological traits (e.g., parasite loads). These traits may be weakly correlated with individual fitness (Chapman et al. 2009 ) and cannot be easily used to assess population-level fitness. Even when heterozygosity-fitness correlations are directly related to demographic vital rates (survival and reproductive rates) (i.e., Coulson et al. 1999; Cohas et al. 2009 ), and thus individual fitness, the link between inbreeding depression and population dynamics is rarely quantified. Because different vital rates disproportionately affect the growth rates of populations (Mills 2007) , significant heterozygosity-fitness correlations-even those related to vital rates-may not affect populations in any measurable way. As a result, to properly examine the influence of inbreeding depression on wild populations, genetic variability should be evaluated relative to those vital rates that have the greatest effect on population growth (Mills & Smouse 1994) . This is critical for conser-vation because it allows one to assess whether genetic factors are limiting populations and the potential for genetic rescue to stimulate recovery efforts (Tallmon et al. 2004) .
We examined whether inbreeding depression was affecting Sierra Nevada bighorn sheep (Ovis canadensis sierrae) (hereafter bighorn sheep), a subspecies listed as endangered under the U.S. Endangered Species Act. This is the rarest subspecies of bighorn sheep in North America, with approximately 400 individuals in 2009. Levels of heterozygosity in this subspecies were reported to be among the lowest of any wild bighorn sheep population in the United States (U.S. Fish and Wildlife Service 2007) and were comparable to those for Rocky Mountain bighorn sheep (O. c. canadensis) in the National Bison Range, where inbreeding depression was associated with multiple fitness traits (Hogg et al. 2006) . Bighorn sheep populations have a history of demographic bottlenecks, isolation, and small size, which have raised substantial concerns that genetic factors may limit their recovery.
To assess whether inbreeding depression may inhibit recovery efforts, we quantified genetic variation of bighorn sheep with respect to adult survival and adult female fecundity rates. These vital rates explain >80% of the variation in the growth rates of bighorn sheep populations (Johnson et al. 2010) . We evaluated genetic variation at neutral markers (Wright 1951) and potentially adaptive markers expected to be more closely tied to individual fitness (Luikart et al. 2003) . Our objectives were to characterize genetic variation in bighorn sheep; test whether inbreeding depression was affecting bighorn sheep vital rates (adult survival and fecundity); evaluate whether inbreeding depression may limit subspecies recovery; and examine the ability of genetic rescue (i.e., gene flow) to stimulate population growth rates.
Methods

Study Populations
In the late 1970s, with a minimum of 220 individuals (Wehausen 1980) , the Baxter-Sawmill (hereafter Baxter) population was the largest of the last 2 remaining populations of bighorn sheep in the Sierra Nevada. That population was subsequently used as source stock for reintroducing 3 additional populations, Wheeler, Langley, and Mono Basin, in 1979 , 1980 , and 1986 . These herds were located along approximately 200 km of the Sierra Nevada crest, and each population was geographically isolated so their dynamics were independent (we use population and herd synonymously throughout the text). (Fig. 1) .
Field Sampling
From 1995 to 2007 annual counts of the minimum number of bighorn sheep in the Mono Basin, Wheeler, and Langley populations were performed by experienced observers, who systematically hiked through and scanned the area occupied by each herd to detect bighorn sheep, which were differentiated by gender and stage class. Due to small population sizes and repeated surveys, in many cases counts were complete, or nearly complete, censuses of individuals in each stage class (for survey details see Johnson et al. [2010] ). We used data from consecutive annual counts to estimate population-specific vital rates needed to parameterize bighorn sheep population models.
To relate vital rates to inbreeding depression, we also tracked the survival and reproduction (female) of marked individuals with known genotypes. Between 1999 and 2009, California Department of Fish and Game captured male and female bighorn sheep with helicopter net guns. Blood for DNA analysis was taken from captured animals. A radio collar with a unique frequency and a mortality sensor was placed on each bighorn sheep. Collared bighorn
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Volume 25, No. 6, 2011 sheep were tracked on the ground and from fixed-wing aircraft twice per month to monitor survival. Adult females were located and observed in July or August each year to determine whether they had lambs. Females give birth to 1 offspring/year, and each collared female was recorded as successfully reproducing if it was observed nursing a lamb.
Microsatellite Analyses
We extracted DNA from blood samples of 128 individual bighorn sheep: 26 from Baxter, 21 from Langley, 29 from Mono Basin, and 52 from Wheeler. We used polymerase chain reactions to amplify microsatellite markers and to genotype each individual (see Supporting Information for details). We genotyped 29 microsatellite loci known to be polymorphic in Ovis species. We assumed 18 were neutral (not in or near known genes) and 11 were located in potentially adaptive genes on the basis of studies of other ungulates (Supporting Information). Neutral loci were AE16, AE129, BM4513, CP20, FCB11, FCB128, FCB193, FCB266, FCB304, HH47, HH62, HH64, JMP29, MAF33, MAF36, MAF48, MAF65, and MAF209. Potentially adaptive loci were ADC, BL4, IGF, KERA, MHCI, MMP9, OIFNG, OLA, SOMA, TCRB, and TGLA387. From those loci that appeared selectively neutral (Supporting Information), we calculated observed and expected heterozygosity, allelic richness, and genetic differentiation (F ST and Jost's D) of bighorn sheep populations.
Testing for the Effects of Inbreeding Depression on Component Vital Rates
To test for inbreeding depression, we calculated individual multilocus heterozygosity of each marked animal (h) (Mitton 1993) . We evaluated heterozygosity across all polymorphic loci that behaved neutrally (no evidence of being under selection [Supporting Information]), regardless of whether the marker was initially considered neutral or potentially adaptive. We also calculated individual mean d 2 (the average squared distance in repeat units between 2 alleles at any typed locus for an individual [Coulson et al. 1998 ]), but found no association between d 2 and bighorn sheep fitness traits and thus do not report results of these analyses.
We based our examination of the relation between genetic variation and adult survival and female fecundity on individual multilocus heterozygosity. For each vital rate, we developed a minimal nongenetic model that tested the explanatory power of covariates known or hypothesized to be important for ungulates (Da Silva et al. 2009; Mainguy et al. 2009 ). We included population as a categorical variable; the Baxter population was the reference class. We also evaluated the effect of age and age 2 on vital rates to account for potential asymptotic or curvilinear effects. We used the Akaike information criterion (Burnham & Anderson 2002) corrected for small sample sizes (AIC c ) and model weights to evaluate models.
To assess those covariates that affect annual adult survival, we used semiparametric Cox proportional hazards models (Cox 1972; Cleves et al. 2008 ). We used a studybased time scale for analysis (Fieberg & DelGiudice 2009) and considered each animal to be at risk of death from the time it was collared until its collar was heard emitting a mortality signal or it was censored at the end of the study (1 September 2009). We assessed annual survival based on a biological year from 15 April to 14 April of the following year. In addition to age, age 2 , and population, we included gender and a gender-by-age interaction as covariates.
To model adult female fecundity, we used logistic mixed-effects models (Rabe-Hesketh & Skrondal 2008) . Because annual fecundity of each radio-collared female was monitored for between 1 and 7 years (depending on the length of time collared), we used random effects to account for individually marked bighorn sheep.
Once we identified the best nongenetic model for each vital rate, we added heterozygosity to determine whether genetic factors explained additional variation in survival and fecundity rates. To determine whether genetic factors were evident only in particular populations, we accounted for interactions between population and heterozygosity variables. We used deviance residuals, link tests, and χ 2 statistics to examine model fit (McCullagh & Nelder 1989; Cleves et al. 2008) . For survival models, we also evaluated the proportional hazards assumption by testing for an interaction between covariates and time and by checking Schoenfeld residuals (Cleves et al. 2008) ; no violations were detected.
Our objective was to use multilocus heterozygosity as a proxy for genome-wide inbreeding (Da Silva et al. 2009; Mainguy et al. 2009 ), so we evaluated each significant multilocus heterozygosity model to ensure that it was not driven by individual loci. We tested for locus-specific effects by adding the heterozygosity of each individual locus to our best nongenetic model to determine whether that locus significantly improved the model. If a locusspecific effect improved model fit, we recalculated multilocus h without the locus and retested for effects of multilocus heterozygosity. If the removal of specific loci altered the relation of a vital rate to multilocus genetic variation, we assumed our results were driven by locus specific, as opposed to genome-wide, effects (Balloux et al. 2004 ).
Quantifying Population-Level Effects of Inbreeding
We predicted the demographic consequences of inbreeding depression on subspecies recovery by incorporating the effects of inbreeding on vital rates in female-based matrix projection models. We estimated the long-term
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Volume 25, No. 6, 2011 influence of inbreeding depression on population growth rates, given current heterozygosity values and future expected losses of heterozygosity. We also simulated an increase in heterozygosity (genetic rescue), potentially associated with management, to predict effects on population growth rates.
We first determined the rate at which heterozygosity would be expected to be lost in these bighorn sheep populations. Because we did not have genetic data collected at 2 discrete points in time (temporal lag), we used a onesample estimator in the program LDNe (Waples 2006) to estimate the approximate effective population size (N e ). We then estimated expected loss of heterozygosity per generation (Wright 1951) :
where H 0 is the initial multilocus heterozygosity of a population and H 1 is the heterozygosity expected after one generation. We used a generation time of 6 years because this was the average age at which female bighorn sheep reproduced in our study. Using our vital rate inbreeding models, we then estimated the percent decrease in vital rates expected to occur (per generation) given the predicted loss in heterozygosity. We simulated these effects for the Mono Basin and Langley populations because detailed demographic data were available for both herds, and they represented minimum and maximum population growth rates observed in bighorn sheep ( Fig. 1 ) (Johnson et al. 2010) .
To assess the influence of inbreeding depression on population growth rates, we inserted estimates of inbreeding depression, which were based on data collected in the field from marked animals, into stochastic, postbirth pulse, matrix population projection models that estimated the stochastic population growth rate (λ s ) or the mean lifetime fitness of individuals in a population (Lande 1982; Tuljapurkar et al. 2009 ). The basic matrix models are described in detail in Johnson et al. (2010) , so we describe them briefly here.
Matrix models were stage-and female-based and limited to those classes of bighorn sheep that could be distinguished reliably during annual ground surveys: adults, yearlings, and lambs. Vital rates describing annual changes in those stage classes were adult female survival, yearling female survival, and adult female fecundity. To parameterize matrix projections, we used means and variances of vital rates estimated from annual population counts. We used field data collected from 1996 through 2007 on the Langley population and from 1999 to 2007 on the Mono Basin population to estimate populationspecific vital rates. We initialized population vectors from ground counts conducted in 2008. Matrix projections included only process variance in vital rates and accounted for demographic stochasticity (Mills & Smouse 1994) . For each modeled scenario, we calculated the mean λ s and expected median population size (N t ) from 1000 replicate simulations.
We first projected population dynamics assuming no inbreeding depression (i.e., baseline) and then decremented vital rates to incorporate the accumulation of inbreeding depression, as detected in fecundity rates. The effect of inbreeding depression on fecundity rates was originally estimated from marked animals of both male and female lambs. To account for the fact that only female lambs were included in matrix projections, we multiplied the expected reduction in fecundity by 0.5. We modeled the effect of inbreeding depression on bighorn sheep populations for 1-10 generations, decreasing fecundity rates on the basis of inbreeding depression each generation, as specified by our fecundity-heterozygosity model. Although we changed mean vital rates in the matrix models to reflect inbreeding effects, we maintained our original estimates of variance around those rates.
To simulate genetic rescue, we modeled population responses to increasing average multilocus heterozygosity. We conducted management simulations only for the Mono Basin population because this was the herd of greatest management concern and the only one that had not increased substantially in abundance in recent years (Fig. 1) . We used the same matrix approach described above, but increased baseline fecundity rates according to expectations from 2 levels of enhanced heterozygosity given our initial vital rate models. We first simulated the growth rate of the Mono Basin population with an increase in average heterozygosity (currently h = 0.43) equal to that of the source herd, Baxter (h = 0.48), our measure of genetic rescue within the subspecies. Second, we modeled the growth rate of the Mono Basin population with an average increase in heterozygosity to 0.59, the mean heterozygosity of 8 other populations of Rocky Mountain and desert bighorn sheep (O. c. nelsoni) (Forbes & Hogg 1999) . In practice, achieving this level of heterozygosity would require translocations from other bighorn subspecies (i.e., outside genetic rescue).
Results
Genetic Variation
Of the 29 loci we genotyped, 4 were monomorphic across populations (FCB128, FCB266, IGF, and OINF). The 25 polymorphic loci had between 2 and 5 alleles/locus (Supporting Information; mean [SD] = 2.84 [0.17]). Ten alleles of a total of 71 had frequencies <5% in any population, and there were 3 private alleles, one in each of the Baxter, Wheeler, and Mono Basin populations. Of the polymorphic loci, 17 met neutral expectations, and we used these to calculate metrics of genetic variation (12 initially considered neutral, 5 potentially adaptive; Supporting Information): ADC, AE129,
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The best nongenetic model (NGM) for each vital rate was first identified and then multilocus heterozygosity (h) was added to the best nongenetic model to determine whether this addition improved model fit.
BL4, BM4513, FCB11, FCB193, FCB304, HH47, HH62, KERA, MAF33, MAF36, MAF48, MAF65, MAF209, TCRB, and TGLA387. Population-specific expected heterozygosity values ranged from 0.33 to 0.39 when all loci were included (monomorphic and polymorphic) and from 0.40 to 0.48 when only polymorphic loci were included (Supporting Information). Heterozygosity values were lowest in the Langley population and highest in Baxter, the source population (Supporting Information). Allelic richness was similar among populations; mean number of alleles/locus ranged from 2.35 to 2.59. There were significant differences in allele frequencies among all pairs of populations (all Fisher's exact tests for pairwise 
Detecting the Effects of Inbreeding Depression on Component Vital Rates
Multilocus heterozygosity of individual bighorn sheep was between 0.24 and 0.76. Mean population values were 0.47, 0.41, 0.48, and 0.44 for the Baxter, Langley, Mono Basin, and Wheeler populations, respectively (all SE 0.02). Of the 128 bighorn sheep whose survival we monitored, 51 died. The best nongenetic model of adult survival included only age as a covariate (Table 1) , with mortality risk increasing in older animals ( Table 2 ; χ 2 = 9.62, p < 0.01). The addition of multilocus heterozygosity did not significantly improve the fit of the survival model, which suggests inbreeding depression did not affect this vital rate (Table 1) .
We obtained 194 observations of annual reproductive status from 75 radio-collared females that were genotyped. Our best nongenetic fecundity model included age and age 2 as covariates (Tables 1 & 2 ; χ 2 = 5.82, p = 0.05). The annual probability of reproducing was low for the very young and very old and highest for intermediate ages. On the basis of AIC c values and model weights, the addition of multilocus h improved model fit and individuals across all populations with higher heterozygosity had higher probabilities of reproducing ( Fig. 2 ; Tables 1 & 2 ; χ 2 = 8.58, p < 0.05). There was no evidence of locusspecific fecundity effects (Supporting Information).
Effect of Inbreeding Depression on Population Dynamics
The estimate of N e was 11 (95% CI 7-18) for Mono Basin and 13 (95% CI 7-27) for Langley. For these N e values, we estimated genetic drift would decrease heterozygosity by 0.020/generation in Mono Basin and by 0.015/generation in Langley. Pairing these losses of heterozygosity with our estimates of inbreeding costs translated to a 1.2% decrease in annual fecundity/generation for Mono Basin and a 1.4% decrease/generation for Langley.
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Volume 25, No. 6, 2011 Table 2 . Model parameter coefficients (β and SE) for the effects of age and individual heterozygosity (h) on adult survival (Cox proportional hazard model) and female fecundity (logistic mixed-effects models) of Sierra Nevada bighorn sheep given the best nongenetic and genetic models.
Nongenetic model
Genetic model When mean fecundity values were decremented in population projection models, λ s did not appreciably decline over the modeled period (Table 3) . For Mono Basin, mean λ s values from inbreeding depression scenarios were not significantly different from baseline scenarios, and after 10 generations (60 years) inbreeding depression decreased λ s from 1.017 to 1.016 (Table 3 & Fig.  3 ). This difference in λ s did not result in a significant reduction in median N t values from baseline to inbreeding depression scenarios until after 8 generations (48 years; Fig. 3 ). For Langley, λ s values were significantly less than baseline scenarios after 3 generations (18 years), but had limited biological effect. The high growth rate in the Langley population was predicted to decrease by 0.5% after 10 generations, from 1.180 to 1.174 (Table 3) .
When modeling the effects of genetic rescue from individuals within the Sierra Nevada for the Mono Basin population, we found λ s was not significantly higher than either the baseline or inbreeding depression predictions after 10 generations (Table 3) and N t was statistically indistinguishable from baseline projections until generation 10 (Fig. 3) . Conversely, when we simulated the effects of genetic rescue from individuals outside the Sierra Nevada, λ s was significantly higher than baseline predictions after the first generation (Table 3 ) and resulted in significantly higher predictions of N t (Fig. 3) . For example, after 10 generations an estimated 1.3% increase in mean λ s (Table 3) would be expected to increase the predicted population size by 56%, with N t after 60 years predicted to be 179 individuals compared with 115 under baseline conditions (Fig. 3) .
Discussion
Despite evidence that inbreeding depression reduced bighorn sheep fecundity rates (Fig. 2) , inbreeding depression appears unlikely to appreciably inhibit population growth of bighorn sheep in the next approximately 8 generations (48 years). Although the population ecology literature recognizes that all vital rates are not equal in their effects on population growth (Morris & Doak 2002; Mills 2007 ) this principle has not been applied to most studies of inbreeding depression. Rather, researchers often infer from statistically significant heterozygosity-fitness correlations that population growth or viability is being substantially reduced. Fecundity, for example, is often evaluated in studies on inbreeding depression (Ralls et al. 1988; Orteg et al. 2007) . By applying our observed fecundity decrement to models of population growth for 10 generations (60 years), however, we found that the values and variation of other vital rates ameliorated the reduction in reproduction caused by inbreeding depression (Table 3) . This is not to say that inbreeding depression does not significantly affect the growth rates of endangered populations; rather, its influence depends on which vital rates are affected, the values of other vital rates, and the generation time of the species. Our
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Volume 25, No. 6, 2011 simulations demonstrated that inbreeding depression is expected to significantly decrease the predicted size of the Mono Basin population after approximately 8 generations (Fig. 3) , but given the relatively small contribution of fecundity to population growth and the long generation time of bighorn sheep, this effect will be insignificant in the near term. This distinction between detecting effects of inbreeding depression on a component vital rate and on population growth rates underscores the importance of assessing inbreeding depression relative to population dynamics to effectively manage small and endangered populations. Low genetic variation of bighorn sheep herds matched known population histories and had implications for the effectiveness of genetic rescue. As expected, genetic variation in Sierra Nevada bighorn sheep was lower than genetic variation in Rocky Mountain or desert bighorn sheep populations (Boyce et al. 1997; Forbes & Hogg 1999; Gutiérrez-Espeleta et al. 2000) . Probably due to this limited variation, we found that genetic rescue with individuals from within the Sierra Nevada was not expected to substantially increase growth rates in the Mono Basin population until generation 10 (Fig. 3 ). Significant increases in population size in response to genetic rescue only occurred if we simulated an increase in heterozygosity to a magnitude representative of populations of Rocky Mountain or desert bighorn sheep subspecies (Table 3 Fig. 3 ). Such an increase in heterozygosity, and thus fecundity rates, would only be achievable through cross-subspecies translocations, a management option not being considered at this time. Other management activities, such as disease prevention, habitat enhancement, and predator control may result in greater shortterm increases in the population growth rate than withinsubspecies genetic rescue (U.S. Fish and Wildlife Service 2007; Clifford et al. 2009; Johnson et al. 2010) .
Although inbreeding depression was predicted to have a negligible effect on population growth in the next few decades, model results were consistent with genomewide inbreeding expectations. Fecundity was associated with multilocus heterozygosity even after accounting for locus-specific effects. Furthermore, although there was evidence for a heterozygosity-fitness correlation in fecundity, we did not detect such a correlation with adult survival. This is consistent with observations that inbreeding depression is stronger in younger age classes than in older age classes (Cohas et al. 2009 ) because individuals with unfit genotypes likely die young.
Our model simulations were based entirely on demographic data collected in the field, which may not account for some factors that could influence predicted population sizes. For example, our models did not include the potential effects of heterosis or hybrid vigor, in which an influx of genetic material may cause individual fitness to increase more than expected, particularly if there is a fixed genetic load (Tallmon et al. 2004) . They also did
Volume 25, No. 6, 2011 not take into account that natural selection may purge deleterious recessive alleles in some populations, which may reduce inbreeding effects (Templeton & Read 1984; Bouzat 2010 ). This phenomenon, however, is variable and often absent (Ballou 1997; Byers & Waller 1999) . Additionally, while we could estimate all stage-specific vital rates from annual counts of animals to project population sizes, we could not estimate heterozygosity-fitness correlations for yearling survival (because yearlings were not captured routinely). Extensive demographic modeling of bighorn sheep has demonstrated that yearling survival explains 0% to 18% of the variation in population growth rates (Johnson et al. 2010) , which makes it unlikely that the effects of inbreeding depression on this rate would qualitatively change our results. Finally, our matrix models were based on the life cycle of females because these were the data available and because we assumed female vital rates were driving population trends in this polygamous species. Whereas female-based matrices are common for polygamous species, it is possible that skewed male reproductive success could increase the effect of drift and inbreeding depression. This effect, however, would not be expected to substantially change our results over the time frames we modeled.
Other features of the model may also have influenced our results. For example, we chose to model the mean effect of inbreeding depression on fecundity rates, rather than a stochastic effect, to clearly illustrate how a fixed decrement in a common fitness trait would influence population growth. We would not expect the inclusion of stochasticity in this parameter to qualitatively change our results, but it could increase the variability in our estimates of λ s . Additionally, we estimated expected losses of heterozygosity with a 1-sample N e estimator. For overlapping generations, a 2-sample estimator with genetic data from 2 separate time points would have been more appropriate, but such data were not available. To ensure our results were not strongly influenced by N e estimates, we also ran models with the lower and upper 95% CI values of N e , which spanned a N e /N c ratio of approximately 0.10-0.35 for Langley and 0.20-0.50 for Mono Basin and are comparable to those of bighorn sheep at the National Bison Range (Hogg et al. 2006 ) and general findings from animal populations in the wild (Frankham 1995) . For both populations there were no qualitative differences in the results.
Our analysis highlights the importance of not only detecting heterozygosity-fitness correlations in endangered populations, but also relating estimates of inbreeding depression to the vital rates that drive population growth. Such approaches should be highly beneficial for guiding conservation decisions about threatened and endangered species. For example, genetic effects within the small Mono Basin population-either negative (inbreeding depression) or positive (genetic rescue with individuals from within the Sierra Nevada)-were not expected to significantly influence recovery in the next 8 bighorn sheep generations (48 years). Thus, we suggest the recovery program for this subspecies focus on maintaining genetic variation by enhancing gene flow among existing herds and on nongenetic management activities predicted to yield greater near-term population gains. For example, management actions, such as predator management and disease prevention, may have a greater influence on population viability over the next 10-20 years than genetic management (Johnson et al. 2010; Cahn et al. 2011) .
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